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PREFACE 


The  study  reported  herein  was  authorized  by  the  Office,  Chief  of 
Engineers.  Authority  for  the  study  is  contained  in  "Instructions  and 
Outline  for  Field  Compaction  Requirements  for  High-pressure  Tires  and 
MUtiple-vheels  (Fiscal  Year  1954),"  dated  October  1953,  as  amended  and 
modified  by  addendum  No.  1  dated  August  1954  and  addendum  No.  2  dated 
April  1955. 

This  study  was  made  by  the  Flexible  Pavement  Branch,  Soils  Division 
U.  S.  Army  Engineer  Waterways  Experiment  Station,  Vicksburg,  Miss.,  for 
the  Airfields  Branch,  Engineering  Division,  Military  Construction,  Office 
Chief  of  Engineers.  It  was  performed  under  the  general  supervision  of 
Messrs.  W.  J.  Turnbull,  C.  R.  Foster,  A.  A.  Maxwell,  and  R.  G.  Ahlviu  by 
Pfc.  E.  J.  French  and  Messrs.  Donald  N.  Brown  and  Donald  M.  Ladd. 

Messrs.  Ahlvin,  Brown,  and  Ladd  prepared  this  report. 

Directors  of  the  Waterways  Experiment  Station  during  the  conduct  of 
this  investigation  and  preparation  of  this  report  were  Col.  A.  P.  Rollins, 
Jr.,  CE,  and  Col.  Edmund  H.  I/mg,  CE.  Mr.  J.  B.  Tiffany  was  Itechnical 
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SUMMARY 


This  report  presents  the  results  of  an  analytical  study  made  to 
develop  criteria  for  determining  the  degree  of  compaction  required  at 
different  depths  in  soils  beneath  flexible  airfield  pavements  to  prevent 
consolidation  of  the  soil  under  wheel  loads  and  consequent  deformation  of 
the  pavement .  The  report  pertains  particularly  to  pavements  constructed 
for  use  by  airplanes  with  high-pressure  tires  and  multiple  wheels . 

Data  obtained  from  observations  of  airfield  pavements  in  actual 
service  and  from  reports  of  accelerated  traffic  tests  on  carefully  con¬ 
trolled  test  sections  were  tabulated,  and  from  these  tabulations  correla¬ 
tions  were  developed  between  the  compaction  effort  applied  to  flexible 
pavements  by  aircraft  traffic  and  the  densities  resulting  from  this  com¬ 
paction  effort  at  various  depths. 

The  established  CBR  relations  were  used  to  integrate  the  effects 
of  wheel  load,  tire  pressure,  assembly  configuration,  and  depth  below 
pavement  surface  into  a  compaction  index,  C  ,  for  purposes  of  this 
study.  Correlations  between  C.  and  the  densities  required  to  prevent 
further  compaction  are  presented.  Appendix  A  gives  an  example  of  the  use 
of  the  correlations  in  preparing  compaction  requirements. 


COMPACTION  REQUIREMENTS  FOR  SOIL  COMPnirevrs 
OF  FLEXIBLE  AIRFIELD  PAVEMENTS 

PAST  I :  INTRODUCTION 


Background 

P  in.  of  the  subgrade  beneath  flexible  nirfioin 
DactfM  a*  1  J-exible  airfield  pavements  be  com¬ 

pacted  to  95  per  cent  of  modified  AA^wn  mo  -i 

fill  material  belov  ta.  «  7  "  "el8ht'  “»  «»t 

he  6-in.  depth  be  compacted  to  90  per  cent  nr  +m 

Tt 19c“ 10  outs  belo“  “•  *<• 6  -  «  -  ^LT 

in  certain  ^ 

-  -‘-x  — • 

„M1  .  ..  1  n  Derween  magnitude  of  wheel  load 

r::^:rtion-  - — - — -  ^ 

of  thp  +•  h  cohesionless  sands  and  cohesive  soils.  The  results 

Office  ^iV6"6  ±nClUded  lD  baCkgrOUnd  ^formation  submitted  to  the 
Chant  7  EnglneerS>  to  8uPP°-t  changes  recorded  for  Part  XII 

::  -  - 

that  nart  of  +h  appeared  in  the  1946  issue  of 

oar  part  of  the  manual. 


5,000 

15,000 

40,000 

60,000 

150,000 


3-  No  report  has  been  issued  on  the  1945  study  but  fin  1  v 

rr  r  muitr‘ti-e  **•  -  ~r:;t  “ 

alao  the  piot5  of  the  «latlo™  of  bond,  depth,  and  deeree  ot 


Hi 


H 


■wi™ 

nsm 

■rU»  jl 


ii>. 


INlffSAVW  JO  JDVJWOS 


l^vjyot  MOIlt 


VKSHLi"  J.N3W3AVJ  JO 
tovjynt  MQ13B  H1.JJO 


•1H3NI  M  XNln] 

»vjwnc  modi 


Fig*  1.  Compaction  study  data 
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compaction  for  the  two  soil  types.  Tire  pressure  was  not  considered  in 
this  analysis. 

4.  In  1950  the  necessity  developed  for  establishing  flexible  pave¬ 
ment  design  criteria  for  multiple-wheel  gears  and  high-pressure  tires, 
which  involved  further  study  of  compaction  requirements.  A  study  of  com¬ 
paction  requirements  contained  in  the  1946  issue  of  Part  XII,  Chapter  2, 
of  the  Engineering  Manual  for  Military  Construction  showed  that  a  definite 
relation  existed  between  the  required  degree  of  compaction  given  in  the 


table  in  paragraph  2  and  the  maximum 

single  wheel  loads.  The  theory  of 

elasticity  was  used  to  compute 

t  .  Fig.  2  shows  the  plots  of 
max  0 

t  versus  per  cent  compaction  de¬ 
max 

veloped  from  the  1950  study.  Since 
tire  pressures  had  not  been  in¬ 
cluded  in  the  earlier  (1946)  anal¬ 
ysis,  values  were  assigned  for  the 
various  loads,  as  shown  in  the 
legend  in  fig.  2,  which  represent 
the  approximate  tire  pressures  ac¬ 
tually  used.  The  plots  of  fig.  2 
were  then  used  with  computed  values 
of  to  determine  compaction  re¬ 

quirements  for  various  single-  and 
multiple- wheel  assembly  loads. 

This  procedure  was  essentially  a 
theoretical  resolution  of  the  1945 
data  to  cover  the  effects  of 
multiple  wheels  and  high  tire 
pressures.  This  study  produced  the  1 


shear  stress  (t  )  resulting  from 
max 


Fig.  2.  Required  density  versus 
maximum  shear  stress 


of  compaction  requirements 


(fig.  3)  that  were  published  in  the  1951  issue  of  Part  XII,  Chapter  2,  of 
the  Engineering  Manual  for  Military  Construction. 
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PART  II :  PRESENTATION  OF  DATA 
Sources  of  Data 

7.  The  data  used  in  this  study  were  obtained  from  reports  produced 
in  connection  with  the  following  programs:  (a)  airfield  pavement  evas¬ 
ions;  (b)  condition  surveys;  (c)  field  moisture  content  investigations; 
and  (d)  special  test  sections.  To  be  of  use  in  the  study,  data  had  to  in¬ 
clude  the  soil  condition,  position,  and  character  (density,  depth,  and 
Atterberg  limits),  and  the  magnitude,  intensity,  and  amount  of  loading 
(wheel  load,  tire  pressure,  assembly  configuration,  and  volume  of  traffic), 

Arrangement 

8.  Data  from  21  reports  of  the  investigation  programs  listed  in 

the  preceding  paragraph  have  been  assembled  in  tables  1  and  2.  The  source 

report  is  listed  first,  followed  by  the  assembly  load  data  (magnitude, 

wheel  arrangement  and  spacing,  and  tire  pressure  or  contact  area).  Next 

are  listed  the  depths  at  which  samples  were  taken  for  the  determination 

of  densities,  with  the  plasticity  indexes  and  densities  obtained  shown 

opposite  pertinent  depths.  Data  are  included  only  for  test  sections  or 

airfield  facilities  that  had  been  subjected  to  an  appreciable  amount  of 

traffic  of  the  assembly  load  listed.  As  will  be  seen  later,  the  method 

of  analysis  adopted  does  not  require  a  precise  determination  of  traffic 
volume . 

Selection 


9.  Table  1  contains  data  considered  to  be  of  primary  reliability, 
e  table  2  contains  data  of  secondary  reliability.  The  data  in  table  1 
were  used  to  develop  compaction  requirements  because  they  were  obtained 
from  carefully  controlled  test  sections.  The  data  in  table  2  were  con¬ 
sidered  only  for  verification  since  they  are  from  studies  of  actual  in- 
service  facilities,  where  actual  volume  of  traffic  was  not  known  and 
moisture  content  was  not  controlled. 
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Definition  of  Compaction  Index 

10.  Each  layer  in  a  pavement  system  is  subjected  to  a  compaction 
effort  during  each  application  of  load.  The  magnitude  of  the  compaction 
effort  is  a  function  of  the  geometry  of  the  system  and  the  characteristics 
of  the  materials  between  the  pavement  surface  and  the  given  layer.  The 
parameters  relating  to  the  geometry  of  the  system  are:  the  total  load, 
the  contact  pressure,  the  number  and  spacing  of  individual  wheels,  and 
the  depth  from  the  surface  of  the  pavement  to  the  layer  being  considered. 
The  parameters  regarding  the  characteristics  of  the  materials  betwe  a  the 
pavement  surface  and  the  given  layer  are  not  understood,  and  in  this  analy¬ 
sis  it  is  assumed  that  differences  in  characteristics  in  the  range  found 
in  normal  flexible  pavements  produce  no  significant  differences  in  com¬ 
paction  effort. 

11.  Analysis  of  the  compaction  requirements  for  each  of  the  param¬ 
eters  related  to  the  geometry  of  the  system  would  require  data  covering  a 
range  of  conditions  for  each  parameter.  The  available  data  were  not 
obtained  for  the  purposes  of  this  study,  so  the  desired  range  for  each 
parameter,  to  permit  ready  analysis,  does  not  exist.  Therefore,  the  param¬ 
eters  relating  to  the  geometry  of  the  system  were  combined  into  one  varia¬ 
ble.  A  ready-made  combination  of  these  parameters  exists  in  the  CBR  de¬ 
sign  curves.  The  CBR  required  at  a  given  depth  for  a  particular  wheel 
configuration,  assembly  load,  and  tire  pressure  is  a  number  which  reflects 
all  the  parameters  related  to  the  geometry  of  the  system  mentioned  earlier. 
The  design  CBR  has  been  used  as  the  "compaction  index"  (C^  in  this  re¬ 
port.  As  an  example  of  its  use,  a  100-kip  twin-wheel  load,  37-in.  c-c 
wheel  spacing,  200- psi  tire  pressure,  requires  a  CBR  of  9  at  a  depth  of 
31*  in.  The  compaction  index,  is  therefore  said  to  be  9.  A  10-kip 
single-wheel  load,  100-psi  tire  pressure,  also  requires  a  CBR  of  9,  but  at 
a  depth  of  10  in.  The  compaction  index  for  this  condition  is  also  indi¬ 
cated  as  9.  By  use  of  the  design  CBR  (labeled  "compaction  index"  (C  ) 
to  avoid  confusion  with  thickness  requirements)  as  a  parameter  to  combine 
the  geometrical  parameters,  it  has  been  possible  to  utilize  the  available 
data  even  though  they  did  not  cover  the  desired  range  of  conditions  for 
each  parameter. 
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12.  Though  it  appears  entirely  logical  to  combine  the  geometrical 
parameters  by  use  of  the  compaction  index  (design  CBR),  readily  available 
means  make  a  verification  of  the  method  desirable.  Fig.  3  shows  empir¬ 
ically  developed  compaction  criteria  in  use  prior  to  the  advent  of  the 
analysis  being  reported  here.  For  a  given  degree  of  compaction,  various 
combinations  of  loading  and  thickness  can  be  selected  from  this  figure. 

,  US±n6  theSe  comb ^tions  of  loading  and  thickness  and  appropriate  CBR 
curves,  such  as  that  shown  for  100-psi,  single-wheel  loadings  in  fig.  Al, 
the  CBR  required  in  a  design  to  support  the  loading  subject  to  the  selected 
conditions  can  be  determined.  Table  3  shows  required  CBR  values,  so  deter¬ 
mined,  for  combinations  of  loading  and  thickness  from  fig.  3.  The  result¬ 
ing  values  for  any  single  compaction  requirement  are  very  nearly  alike  re¬ 
gardless  of  individual  load  magnitude,  tire  pressure,  or  design  thickness. 

Thus  a  verification  of  the  compaction  index  has  been  provided  from  empir¬ 
ical  data. 
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PART  III:  ANALYSIS  OF  DATA 


Data  Plots 


13*  By  including  the  various  parameters  of  loading  and  depth  in 
terms  of  the  single  parameter,  it  is  necessary  to  consider  only  the  inter- 
relation  of  density,  compaction  index,  and  soil  type.  Accordingly,  plots 
were  made  of  density  versus  C±  in  an  attempt  to  establish  a  relation,  as 
shown  in  figs.  5  and  6.  The  data  plotted  in  these  figures  are  those  of 
primary  reliability  listed  in  table  1  (see  paragraph  9). 

Consideration  of  Soil  Type 

14.  It  was  first  thought  that  soil  type  as  expressed  by  the  plas¬ 
ticity  index  (PI)  would  be  a  sufficiently  critical  parameter  that  it  might 
e  treated  in  a  number  of  ranges,  such  as  nonplastic,  0-5  PI,  5-10  pi, 
10-25  PI,  etc.  On  analysis,  however,  it  was  found  that  distinctions  ’ 
could  not  be  nade  between  the  various  ranges  of  plasticity,  and  that  only 
the  cohesionless  (plasticity  index  zero  or  NP)  and  cohesive  separation  was 
warranted.  This  finding  was  partly  due  to  the  small  differences  between 
ranges  and  partly  to  the  data  being  insufficient  to  establish  such  small 


Assumption  Used  in  This  Study 

15.  It  was  assumed,  for  the  purpose  of  this  study,  that  the  density 
found  in  a  given  test  section  or  a  given  airfield  facility  after  a  given 
period  of  traffic  would  have  been  adequate  to  prevent  densification  during 
the  given  period  of  traffic  if  the  density  had  been  built  into  the 
material  during  construction. 


Limitations  of  the  Analysis 

16.  Since  tolerable  amounts  of  settlement  from  compaction  have  not 
been  established,  the  points  shown  in  figs.  5  and  6  cannot  be  separated 
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into  acceptable  and  "nonacceptable"  categories  with  a  dividing  line 
drawn  between  them..  The  points  in  figs.  5  and  6  that  plot  toward  the  lower 
densities  (for  a  given  compaction  index)  represent  cases  where  the  amount 
of  compaction  that  occurred  was  small.  This  could  easily  be  due  to  a 
low  volume  of  traffic  or  a  moisture  content  which  was  considerably  dry 
(or  wet)  of  optimum.  The  points  that  plot  toward  the  higher  densities, 
however,  represent  those  cases  where  the  volume  of  traffic  was  high  and  the 
moisture  conditions  were  proper  for  compaction  to  occur.  A  limiting  line, 
set  high  enough  so  that  all  points  would  fall  below  it,  would  be  a  com¬ 
pletely  safe  limit;  however,  due  to  the  inaccuracies  involved  in  density 
sampling  and  in  determining  the  proper  reference  density  (modified  AASHO), 
it  is  felt  that  such  a  limiting  line  would  be  unduly  conservative.  Also, 
some  of  the  points  lying  in  high  positions  may  be  due  to  unusually  high 
densities  developed  during  construction,  or  to  naturally  high  densities, 
rather  than  to  traffic.  The  lines  shown  in  figs.  5  and  6  are  intended  to 
exclude  the  majority  of  the  points.  The  shape  of  the  curves  was  influenced 
to  some  degree  by  the  pattern  of  density-depth-load  relations  which  was  in 
use  prior  to  the  time  this  study  was  made. 

17-  In  fig.  5,  which  treats  cohesive  soils,  the  data  for  large 
values  of  the  C±  are  distorted  automatically  by  material  strength  require¬ 
ments  and  resultant  normal  design  practices.  The  high  C±  range  is  the 
range  in  which  loadings  applied  to  a  test  section  or  airfield  would  produce 
failure  unless  the  materials  involved  had  high  strengths  (CBR  values). 
Cohesive  materials  at  or  near  optimum  moisture  content  do  not  normally 
have  high  strength.  It  follows  that  the  cohesive  materials  for  which  data 
were  obtained  and  which  could  be  used  in  this  analysis  could  not  have  been 
in  the  proper  moisture  condition  to  give  maximum  compaction.  Test  items 
which  might  have  produced  the  greater  densities  properly  representative  of 
cohesive  materials  in  this  range  of  compaction  effort  failed  under  rela¬ 
tively  few  load  repetitions  and  were  not  tested  further.  Thus,  the  points 
which  should  represent  maximum  compaction  to  be  expected  from  high  C  ef¬ 
forts  have  not  been  obtained.  Therefore,  data  above  a  C±  of  50  have±not 

been  plotted,  and  some  of  the  points  immediately  below  must  remain  in 
question. 
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Plots  of  All  Available  Data 


18.  To  verify  the  analysis  based  on  the  data  of  primary  reliability 
from  table  1,  plots  were  made  including  the  data  of  lesser  reliability 
from  table  2.  These  plots  are  shown  in  figs.  7  and  8  for  cohesive  and 


cohesionless  materials,  respectively.  The  curves  in  figs.  5  and  6  are  in¬ 
cluded  in  figs.  7  and  8.  In  studying  these  figures,  certain  logical  fac¬ 
tors  should  be  kept  in  mind.  It  is  obvious,  for  instance,  that  compaction 
requirements  must  diminish  with  increasing  depth.  It  follows  that  the 
degree  of  compaction  must  decrease  with  decreasing  compaction  index.  It 
is  also  true  that  very  high  densities  are  ordinarily  the  result  of  compac¬ 
tion  by  large,  intensive  loadings.  Therefore,  the  uppermost  points  in  the 
right-hand  portion  in  figs.  7  and  8  (the  high  range)  must  have  resulted 
from  compaction  by  aircraft  traffic.  On  the  other  hand,  densities 
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indicating  high  densities  In  the  very  high  ^  range  In  fig.  7  „  due  to 
inability  of  cohesive  material,  to  exhibit  high  strength  at  high 
moisture  contents,  a.  discussed  In  paragraph  17  In  regard  to  fig.  5. 

Compaction  Requirements 

19 •  In  fig.  9  the  curves  from  fics.  5  onH  A  „„  , 

ilSs*  5  and  are  shown  on  a  single 

plot,  mi,  plot  can  be  used  to  determine  compaction  requirements  criteria 
or  any  combination  of  loading,  depth,  and  material.  An  example  of  such 
a  determination  is  given  in  Appendix  A. 


Fig.  9-  Compaction  requirements  for  flexible  airfield  pavements 
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PART  IV:  RESULTS 

20.  This  study  showed  that  the  compaction  index  (C^)  provides  a 
means  of  combining  into  a  single  parameter  the  variables  of  load,  tire 
pressure  (or  contact  area),  wheel  configuration,  and  depth  for  determina¬ 
tion  of  the  compaction  required  in  the  various  layers  of  flexible  pave¬ 
ments  for  airfields. 

21.  Also  from  this  analysis  relations  have  been  developed  between 
compaction  index  and  required  compaction  (per  cent  of  modified  AASHO 
maximum  density)  for  base,  subbase,  and  subgrade  materials  for  flexible 
pavements.  These  are  separated,  for  the  purposes  of  the  relations,  into 
cohesionless  and  cohesive  materials. 
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Table  3 

Required  CBR  Values  for  Various  WhePl  r™*. 


10 

20 

30 

4o 

50 

60 


3-7 

3-6 

3.6 

3-5 

3.6 

3-6 


Cohesionless  Sands 
100#  Modified  AASHO  Density 


10 

8.1 

7-1 

20 

8.1 

7*2 

30 

4o 

8.0 

8.0 

7*7 

7*5 

50 

8.0 

7-4 

60 

8.0 

7-5 

50 

9.2 

75 

8.6 

100 

8.5 

125 

8.5 

100 

125 

150 

175 

200 


95#  Modified  AASHO  Dsn^^, 


3-3 

3-4 

3-3 

3-3 

3-3 

3-6 


50 

75 

loo 

125 


4.1 

4.0 

3.7 

3.6 


100 

125 

150 

175 

200 


9-5 

8.9 

9-4 

8.9 

9.2 

Average  8.3 


4.7 

4.6 

^•5 

4.2 

4.1 


Average  3.8 


100#  Modified  AASHO  Density 


10 

15 

13 

20 

15.5 

13.5 

30 

16 

14 

40 

15.5 

14 

50 

16 

13.5 

60 

16 

13- 5 

50 

75 

100 

125 


16 

14.5 

15 

15 


95#  Modified  AASHO  Density 


10 

8.1 

7.1 

20 

8.1 

7.2 

30 

4o 

8.0 

8.0 

7.7 

7-5 

50 

8.0 

7.4 

60 

8.0 

7.5 

50 

75 

100 

125 


9.2 

8.6 

8.5 

8.5 


100 

125 

150 

175 

200 


100 

125 

150 

175 

200 


16 

15 

15 
15.5 

16 

Average  15.0 


9.5 

8.9 

9.4 

8.9 

9.2 

Average  8.3 
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APPENDIX  A:  METHOD  OF  DETERMINING  COMPACTION  REQUIREMENTS 

1.  This  appendix  describee  a  method  of  determining  specific  compac 
tion  criteria.  The  final  product,  as  in  the  past,  will  be  a  plot  of  load 
versus  depth  for  specified  percentages  of  compaction.  The  percentages 
used  might  be  105,  100,  95,  90,  85,  and  80.  For  this  example  only  the 
100  per  cent  value  will  be  used. 


Determination  and  Use  of  C±  Values 

2.  From  fig.  9  of  the  main  repor..  the  C±  values  for  100  per  cent 
compaction  are  8.9  for  cohesionless  soils  and  19  for  cohesive  soils. 

For  this  example  the  cohesive  soil  value  will  be  used.  This  C  value 
of  19  represents  any  combination  of  loading  and  depth  which  requires  a 
CBR  of  19.  Therefore,  by  entering  any  CBR  curve  with  this  CBR  value, 
combinations  of  load  and  thickness  can  be  read  which  will  permit  the’  ' 
plotting  of  a  curve  of  load  versus  thickness.  This  is  true  regardless 
of  the  form  of  the  CBR  curve,  the  wheel  configuration,  tire  pressure,  or 
contact  area.  For  this  example,  the  CBR  curves  for  a  single-wheel  assem- 
bly  and  100-psi  tire  pressure  will  be  used. 


Example  of  Final  Curve 


3.  Fig.  A1  is  a  set  of  CBR  curves  for  100-psi  tire  pressure,  single 
wheels.  Reading  along  the  19  CBR  line,  the  following  depths  and  wheel 
loads  can  be  obtained; 


Wheel  Load,  kips 

10 

20 

30 

4o 

50 

60 

70 


6.0 

8.4 

10.4 
12.0 

13.5 
14.7 

15.5 


These  data  are  plotted  in  fig.  A2;  and,  in  addition,  curves  for  other  per 
centages  of  compaction  are  shown.  A  similar  plot  could  be  produced  for 
cohesionless  soils,  or  for  other  tire  pressures,  or  multiple -wheel  assem¬ 
blies,  or  any  arrangement  of  loading  for  which  CBR 


curves  are  available. 
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Fig.  Al.  CBR  curves  for  tire-inflation  pressure  of  100  psi 


Fig.  A 2. 


Compaction  requirements,  single  wheels, 
tire  pressure,  cohesive  soils 


100-psi 
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